Vitamin A is instrumental to mammalian reproduction. Its metabolite, retinoic acid (RA), acts in a hormone-like manner through binding to and activating three nuclear receptor isotypes, RA receptor (RAR)␣ (RARA), RAR␤, and RAR␥ (RARG). Here, we show that 1) RARG is expressed by A aligned (A al ) spermatogonia, as well as during the transition from A al to A 1 spermatogonia, which is known to require RA; and 2) ablation of Rarg, either in the whole mouse or specifically in spermatogonia, does not affect meiosis and spermiogenesis but impairs the A al to A 1 transition in the course of some of the seminiferous epithelium cycles. Upon ageing, this phenomenon yields seminiferous tubules containing only spermatogonia and Sertoli cells. Altogether, our findings indicate that RARG cell-autonomously transduces, in undifferentiated spermatogonia of adult testes, a RA signal critical for spermatogenesis. During the prepubertal spermatogenic wave, the loss of RARG function can however be compensated by RARA, as indicated by the normal timing of appearance of meiotic cells in Rarg-null testes. Accordingly, RARG-and RARA-selective agonists are both able to stimulate Stra8 expression in wild-type prepubertal testes. Interestingly, inactivation of Rarg does not impair expression of the spermatogonia differentiation markers Kit and Stra8, contrary to vitamin A deficiency. This latter observation supports the notion that the RAsignaling pathway previously shown to operate in Sertoli cells also participates in spermatogonia differentiation. (Endocrinology 153: 438 -449, 2012) 
Vitamin A is instrumental to mammalian reproduction. Its metabolite, retinoic acid (RA), acts in a hormone-like manner through binding to and activating three nuclear receptor isotypes, RA receptor (RAR)␣ (RARA), RAR␤, and RAR␥ (RARG). Here, we show that 1) RARG is expressed by A aligned (A al ) spermatogonia, as well as during the transition from A al to A 1 spermatogonia, which is known to require RA; and 2) ablation of Rarg, either in the whole mouse or specifically in spermatogonia, does not affect meiosis and spermiogenesis but impairs the A al to A 1 transition in the course of some of the seminiferous epithelium cycles. Upon ageing, this phenomenon yields seminiferous tubules containing only spermatogonia and Sertoli cells. Altogether, our findings indicate that RARG cell-autonomously transduces, in undifferentiated spermatogonia of adult testes, a RA signal critical for spermatogenesis. During the prepubertal spermatogenic wave, the loss of RARG function can however be compensated by RARA, as indicated by the normal timing of appearance of meiotic cells in Rarg-null testes. Accordingly, RARG-and RARA-selective agonists are both able to stimulate Stra8 expression in wild-type prepubertal testes. Interestingly, inactivation of Rarg does not impair expression of the spermatogonia differentiation markers Kit and Stra8, contrary to vitamin A deficiency. This latter observation supports the notion that the RAsignaling pathway previously shown to operate in Sertoli cells also participates in spermatogonia differentiation. (Endocrinology 153: 438 -449, 2012) N utritional and pharmacological studies indicate that retinoic acid (RA), produced from dietary vitamin A (retinol), is essential for spermatogenesis in Mammals and Aves (1-4 and references therein). Vitamin A deficiency (VAD) in mice arrests spermatogonia differentiation at the A aligned (A al ) stage, resulting in seminiferous tubules that contain only Sertoli cells and spermatogonia. Spermatogenesis in these VAD mice can resume upon administration of RA (5, 6) . RA also promotes expression of 1) KIT (proto-oncogene tyrosine kinase c-Kit), which coincides with the transformation of A al spermatogonia into the first generation of differentiated, meiotically committed, A 1 spermatogonia and permits the maintenance of differentiated spermatogonia (7) (8) (9) (10) (11) ; and 2) STRA8 (stimulated by retinoic acid gene number 8), a key regulator of meiosis in the mouse testis (6, 12, 13) .
RA functions within the nucleus through binding to and activating three isotypes of RA receptor (RAR): RAR␣ (RARA), RAR␤ (RARB), and RAR␥ (RARG). Each RAR has been detected specifically in a particular cell type of the seminiferous epithelium. Rarb transcripts, but no RARB protein, are detected in round spermatids. Rarbnull (Rarb Ϫ/Ϫ ) males are nevertheless fertile, and their testes and genital tracts remain histologically normal throughout life (14) . Therefore, RARB does not appear to be instrumental to the homeostatic maintenance of the seminiferous epithelium. In contrast, Rara functions in Sertoli cells, where its specific ablation either alone or together with Rarb and Rarg (yielding Rara SerϪ/Ϫ and Rara/ b/g SerϪ/Ϫ mutants, respectively) leads to male sterility due to testis degeneration (15) , whose ultimate outcome consists in a seminiferous epithelium with only Sertoli cells and spermatogonia, a situation that resembles the condition of mice fed a VAD diet for several months (6, 16) . As to Rarg Ϫ/Ϫ mutants, their sterility was previously accounted for by the loss of the secretory functions of the male genital tract epithelia caused by their abnormal keratinization (17) . Therefore, the status of the testis of Rarg Ϫ/Ϫ mutants has, so far, attracted little attention. We have proposed that the seminiferous epithelium, which appears normal in young Rarg Ϫ/Ϫ males, later degenerates due to epididymal obstruction by keratinous squames (14) . However, our finding that, in the testis, RARG protein is confined to spermatogonia from postnatal day (P)5 to adulthood (14) led us to reinvestigate the phenotype of Rarg Ϫ/Ϫ mutants. In addition, we have generated and analyzed mice lacking both RARG and RARA only in spermatogonia. We found that genetic ablation of Rarg mimics typical signs of VAD in the sexually mature testis without altering the prepubertal wave of spermatogenesis. We also discovered that, although undetectable in spermatogonia by immunohistochemistry (IHC), RARA actually exhibits functions that are partially redundant with RARG in these cells.
Materials and Methods

Mice
Mice on a mixed C57BL/6-129/Sv (50 -50%) genetic background were housed in an animal facility licensed by the French Ministry of Agriculture (agreement no. B67-218-5), and animal experiments were supervised by N.B.G. or M.M. (agreements nos. 67-205 and 67-62), who are qualified in mouse experimentations, in compliance with the European legislation on care and use of laboratory animals. The breeding diet (D03) contained 25,000 UI of vitamin A per kg (UAR, Villemoisson sur Orge, France) and was provided ad libitum. For vitamin A depletion studies, Rbp4-null mice were fed the breeding diet from weaning to 6 wk of age and then a VAD diet (TD86143; Harlan Laboratories, Madison, WI) for 22 wk, as described (6) . Mice bearing loxP-flanked (L2) alleles of Rara (18) and Rarg (19) , as well as Ngn3-Cre transgenic mice (20) , were genotyped as described. They were intercrossed to generate mutant and control mice (Supplemental Materials and Methods, published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org).
Histopathology, detection of proliferating and apoptotic cells, and in situ hybridization (ISH) assays
Testis samples intended for histopathology were fixed in Bouin's fluid for 24 h and embedded in paraffin. Transverse, 5-m-thick, histological sections were stained with either hematoxylin and eosin or periodic acid-Schiff (PAS). It is noteworthy that in two 10-wk-old Rarg-null mice, the testis was serially sectioned to evaluate the extent of the abnormalities along the seminiferous tubules. The percentage of affected seminiferous tubules was established by counting the cross-sections of tubules (n Ͼ 200) on one transverse section through the testis. The 12 stages defining the cycle of the mouse seminiferous epithelium (21) were delineated on PAS-stained histological sections. Analyses involving bromodeoxyuridine (BrdU) incorporation, detection of apoptotic cells, IHC, and ISH were repeated on three mice per age group. BrdU (Sigma-Aldrich Chimie, Lyon, France) was dissolved in PBS and injected ip at 50 mg/kg of body weight. Males were killed 2 h, 9 d, or 17 d after injection. Testes were fixed for 24 h either in 4% (wt/vol) buffered paraformaldehyde (PFA) or in Bouin's fluid and then embedded in paraffin. BrdU incorporation was detected by using an anti-BrdU antibody (Roche Molecular Biochemicals, Rueil Malmaison, France) and immunofluorescence labeling. The sections were counterstained with 0.001% (vol/vol) 4,6-diamidino-2-phenylindole dihydrochloride (DAPI). For detection of apoptotic cells, terminal deoxynucleotidyl transferase 2Ј-deoxyuridine, 5Ј-triphosphate nick end labeling (TUNEL) assays were performed. Testis samples were fixed in 4% (wt/vol) PFA in PBS for 16 h at 4 C and then embedded in paraffin. TUNEL-positive cells were detected using the In Situ Cell Death Detection kit, Fluorescein (Roche Diagnostics, Meylan, France), and the sections were counterstained with DAPI as described above. ISH using digoxigenin-labeled probes for detection of Kit, Gfra1, Zbtb16, and Stra8 expression were performed as described (6, 14) .
Whole-mount IHC
Freshly dissected testes were separated from their tunica albuginea, the seminiferous tubules were roughly uncoiled in PBS with a pair of fine forceps, and the interstitial cells floating in the medium were removed using a Pasteur pipette. The seminiferous tubules were then fixed in PBS containing 4% (wt/vol) PFA and 10% (vol/vol) methanol for 2 h under mild agitation on a rocking platform at 4 C and then washed three times for 10 min each with PBS containing 0.1% (vol/vol) Tween 20. The tubules were incubated overnight with one of the primary antibodies in PBS. The next day, the tubules were washed three times for 10 min each in PBS containing 0.1% (vol/vol) Tween 20 and were incubated for 45 min at room temperature with one of the secondary antibodies in PBS. After a third round of washes, the immunostaining process was repeated using another primary antibody followed by the appropriate secondary antibody. The samples were mounted on glass slides in Vectashield containing DAPI (Vector Laboratories, Burlingame, CA) and observed under a fluores-cence microscope or a confocal laser microscope. Primary antibodies were used at the following dilutions: 1:500 for RP453 (rabbit polyclonal 453) rabbit antimouse RARG (22) 
Analysis of gene expression by RT-PCR
The organo-culture conditions were adapted from Ref. 23 and are described in Supplemental Materials and Methods. Total RNA was prepared using TRIzol reagent (Life Technologies, Inc., Grand Island, NY). Quantitative analysis of RNA was carried out by two steps RT coupled to quantitative real-time PCR using a Realplex 2 (Eppendorf, Le Pecq, France). RT of 1 g of total RNA followed by PCR amplification of cDNA were performed using QuantiTect Reverse Transcription (Qiagen SA, Courtaboeuf, France) and LightCycler 480 SYBR Green I Master (Roche Diagnostics) kits, respectively, according to the manufacturer's instructions. Conditions were 40 cycles with denaturation for 15 sec at 95 C, annealing for 15 sec at 60 C and elongation for 15 sec at 72 C. Primers were as indicated in Table 1 . Each cDNA sample was tested in triplicate. At least three samples were used in each experimental condition. The transcript level in each sample was normalized relative to that of the acidic ribosomal binding protein (Rplp0) transcripts (former 36B4), whose expression is not changed by the mutation or by retinoid administration. Then data were expressed as fold induction relative to the vehicle condition. Statistical significance of differences was examined by one-way ANOVA using log-transformed values, followed by the post hoc Newman-Keuls test for comparison by pairs. Statistical significance level was set for P Ͻ 0.05.
Results
Rarg is expressed in A al and A 1 spermatogonia
Spermatogonia in the single cell state, known as A single (A s ) spermatogonia, have traditionally been considered as spermatogonia stem cells in the mouse. Upon division, A s spermatogonia give rise to two paired A (A p ) spermatogonia, then to a chains of 4 -32 A al spermatogonia interconnected by cytoplasmic bridges. A s , A p , and A al are referred to as "undifferentiated spermatogonia" and are present at any stage of the cycle of the seminiferous epithelium. Then A al cells differentiate into A 1 spermatogonia, which undergo a series of divisions generating A 2 , A 3 , A 4 , intermediate, and lastly B spermatogonia. Division of A 1 to B spermatogonia (collectively referred to as "differentiated spermatogonia") is synchronized and predictable, occurring at specific stages of the seminiferous epithelium cycle (24) . Finally, B spermatogonia divide once more to yield premeiotic (i.e. preleptotene) spermatocytes (reviewed in Ref. 25) .
We have previously shown that RARG is present in spermatogonia and is undetectable in other germ cells and somatic cells of the testis. Moreover, spermatogonia expressing RARG can be observed at any point of the seminiferous epithelium cycle. This expression pattern, independent of the epithelial stage, suggests that the population of spermatogonia expressing RARG contains undifferentiated cells (14) . To better characterize this cell population, double IHC staining was conducted on whole mounts of seminiferous tubules followed by confocal microscopy imaging to detect the GFRA1, ZBTB16, and KIT proteins. GFRA1 is detected mainly in A s and A p and occasionally in chains interconnecting four to eight A al spermatogonia ( Fig. 1 , A and B) (26) . ZBTB16 (formerly PLZF, promyelocytic leukemia zinc finger protein) is expressed by the undifferentiated spermatogonia population (i.e. by A s , A p , and A al spermatogonia) ( Fig. 1C) but not by differentiated spermatogonia (27) (28) (29) . A distinguishing feature of the transition between undifferentiated to differentiated spermatogonia is the attainment of KIT expression by A 1 spermatogonia, which persists in A 2 through B spermatogonia (Fig. 1 , D and E) (7) and is also present in preleptotene spermatocytes ( Fig. 1E) (30) .
We found that RARG was never coexpressed with GFRA1 or with ZBTB16 in A s and A p spermatogonia ( preleptotene, spermatocytes. These latter cells (see PR in Fig. 1E ), identified by their high cellular density and small nuclear size, are found only at stages VII and VIII of the seminiferous epithelium cycle, during which A al spermatogonia transform (without dividing) into A 1 spermatogonia (reviewed in Ref. 25) . Altogether, these results indicate that in the adult testis, RARG is absent from A s and A p spermatogonia, is expressed by A al spermatogonia as well as during the A al -A 1 transition, and is undetectable in more differentiated spermatogonia (see A di in Fig. 1D ).
Inactivating Rarg yields an age-related, VAD-like, testis degeneration
In the normal mouse testis, the different generations of germ cells, although synchronously progressing through spermatogenesis, form cellular associations of fixed composition (called epithelial stages) that follow one another according to a stereotyped, chronological, sequence known as the seminiferous epithelium cycle. Twelve epithelial stages (I-XII) can normally be identified (21, 31) . Seminiferous tubules from 6-wk-old Rarg Ϫ/Ϫ mutants (n ϭ 3) only showed normal cell associations (Table 2) .
Testes from 10-wk-old Rarg Ϫ/Ϫ mutants appeared either normal (n ϭ 4) ( Fig. 2A ) or displayed few (4.3 Ϯ 1.1%; mean Ϯ SEM) tubule cross-sections lacking, around their entire circumference, either one or two generations of germ cells (n ϭ 2) (Fig. 2, B-D) . The missing germ cell layers included all preleptotene spermatocytes, all meiotic spermatocytes, and/or all round spermatids (Fig. 2 , B-D, compare with A, and Supplemental Fig. 1 ). Moreover, "windows of missing germ cell" could be followed on more than 10 consecutive sections; therefore, occupying segments along the mutant seminiferous tubules. In 15-wk-old Rarg Ϫ/Ϫ mutants (n ϭ 3), 13.3 Ϯ 1.8% of the seminiferous tubules (mean Ϯ SEM) lacked entire gem cell layers (data not shown), whereas in 20-wk-old Rarg Fig. 2H and data not shown). In contrast, the seminiferous epithelium of their wild-type (WT) littermates only displayed normal germ cell associations (Fig. 2G) . Importantly, we checked that the epididymides of these old Rarg Ϫ/Ϫ mutants were not keratinized, thus ruling out the possibility that their testicular degeneration could represent a side effect of epididymal obstruction (see the introductory section). We conclude that although spermatogonia always remain present in Rarg Ϫ/Ϫ mice, tubule cross-sections lacking generations of spermatocytes and spermatids increase with ageing. Both the type and chronological progression of these defects resemble those induced by VAD (6). Alternatively, the loss of germ cells could have resulted from elevated apoptotic cell death. Against this possibility, TUNEL assays indicated that apoptosis in testes of 15-wk-old Rarg Ϫ/Ϫ males was not increased relative to agematched WT (Supplemental Fig. 2 and data not shown). Therefore, cell death cannot account for the reduced number of germ cells observed in the mutants.
Inactivating Rarg does not affect meiosis and spermiogenesis
In cellular associations of 10-wk-old Rarg Ϫ/Ϫ mutants, preleptotene spermatocytes were associated only with step (Fig. 2B) , whereas at the age of 20 wk, they were associated with only mature, step 16, spermatids (i.e. without intervening layers of pachytene spermatocytes and, round, step7 spermatids) (Fig. 2F ).
These observations raised the possibility that the Rarg Ϫ/Ϫ mutation could have arrested the maturation of preleptotene spermatocytes, leading after one cycle of the seminiferous epithelium (i.e. 8.6 d) (see Ref. 32 and references therein) to the disappearance of pachytene spermatocytes throughtheirnormaldifferentiationintostep7spermatids (Fig.  2B) ; then, after completion of a second cycle, to the disappearance of step 7 spermatids through their normal transformation into step 16 spermatids (Fig. 2F) . To test for this possibility, the duration of meiotic and postmeiotic phases of spermatogenesis was evaluated using BrdU incorporation in S phase cells. In adult (i.e. 8 wk old) WT and Rarg Ϫ/Ϫ testes, injected BrdU was mainly incorporated into B spermatogonia and preleptotene spermatocytes (data not show) (6), whose labeled descendants were identified 17 d after the injection. At this time point, the most advanced, BrdU-positive, cells were step 7 spermatids in both WT and Rarg Ϫ/Ϫ testes, and there was no retained labeling in spermatocytes (Fig. 3, A and B) . Because 1) RARG is present in the germ cell lineage before the onset of meiosis and 2) RARG deficiency does not alter the duration of meiosis, it is thus logical to assume that ablation of the Rarg gene causes germ cell depletion, through altering the spermatogonia proliferation/differentiation process.
The Rarg-null mutation only partially mimics a state of VAD in spermatogonia The frequent occurrence, in 1-yr-old Rarg Ϫ/Ϫ mutants, of seminiferous tubules containing only spermatogonia and Sertoli cells is also a feature of advanced VAD (see Ref. 6 and references therein). We found that some RARG-deficient spermatogonia present in these tubules retained the BrdU that they incorporated 9 d earlier (Supplemental Fig. 3 ), indicating that they stopped to divide a short while after BrdU incorporation, similarly to the situation encountered in VAD (6) . To further characterize the differentiation status of these spermatogonia, we performed ISH analyses. We found that Rarg Ϫ/Ϫ mutants (n ϭ 4) expressed genes that are typical of undifferentiated spermatogonia (i.e. Gfra1 and Zbtb16) (Fig. 4, A and B) as well as Kit and Stra8, which are markers of differentiated spermatogonia (Fig. 4 , C and D) (7, 12) . In contrast, spermatogonia from mice maintained on a VAD diet (n ϭ 4), expressed Gfra1 and Zbtb16 but never Kit and Stra8 (Supplemental Fig. 4) (6, 7) . Altogether, these data indicate that, in contrast to the VAD situation, ablation of Rarg is not sufficient to arrest spermatogonia at the A al -A 1 transition.
Specific ablation of Rarg in spermatogonia mimics the effects of the Rarg-null mutation
To determine whether the differentiation defect reflected a cell-autonomous function of RARG, mutant mice in which Rarg ablation was restricted to spermatogonia were generated. To this purpose, mice carrying loxPflanked alleles of Rarg (19) were crossed with mice bearing the Ngn3-Cre transgene (20) , generating thereby Rarg SpgϪ/Ϫ mutants, in which both alleles of Rarg were excised in undifferentiated spermatogonia. It is noteworthy that excision of Rarg occurred at the morphological onset of spermatogenesis (25, 33) , because the Ngn3-Cre transgene is expressed from P3 onwards (20, 34) . Of the six Rarg SpgϪ/Ϫ mutants analyzed at the age of 11 wk, three had normal testes and three displayed a lack of one or two germ cell populations around the entire circumference in 1.2 Ϯ 0.3% of their seminiferous tubules (Fig. 5, B and C, compare with A). These windows of missing germ cell could be followed on more than 10 consecutive sections; therefore, occupying segments along the mutant seminiferous tubules. It is worth noting that excision of Rarg using the (15) , further adding to the notion that RARG cell-autonomously acts in spermatogonia on their proliferation/differentiation.
Simultaneous ablation of Rarg and Rara in spermatogonia increases the severity of the phenotype resulting from Rarg ablation
In contrast to Rarg, which is only expressed by specific tissues, Rara expression is ubiquitous, at least in the embryo (35) . In addition, both RARG and RARA, but not RARB, are detected by RT-PCR analysis in primary cultures of purified spermatogonia (36) . Therefore, although RARG is the sole RAR detectable in spermatogonia using IHC (14) , the low frequency of seminiferous tubules affected in 10-to 11-wk-old Rarg 
D). E and F, Sections through testes of 20-wk-old (E) WT and (F) Rarg
Ϫ/Ϫ mutants. In F, note the complete absence of meiotic spermatocytes and round spermatids in the mutant seminiferous epithelium. It should be emphasized that it is difficult to unambiguously assign a specific stage to tubules in which cell types are missing. We used the following criteria to define an abnormal stage VII-like variant: 1) presence of preleptoptene spermatocytes (identified in a single, compact, layer of small, round, nuclei with a rim of darkly stained chromatin lining the nuclear envelope and localized in contact with the basement membrane) and/or 2) presence of step 7 spermatids (identified by the angle subtended by their acrosome) and/or step 16 spermatids (identified by their elongated and dense nuclei lining the lumen of seminiferous tubules). G and H, Sections from (G) WT and (H) Rarg Ϫ/Ϫ testes at 12 months of age: seminiferous tubules containing only spermatogonia and Sertoli cells represent the end-stage of degeneration in the mutant testes. L, Leydig cells; PR and P, preleptotene and pachytene spermatocytes, respectively; St7 and St16, step 7 and 16 spermatids, respectively; T, seminiferous tubules. Germ cell populations present in a given tubule cross-section are highlighted by colored bars: blue, preleptotene spermatocytes; red, pachytene spermatocytes; green, step 7 (round) spermatids; purple, step 16 (elongated, mature) spermatids. PAS (A-D) and hematoxylin and eosin (E-H) stains. Scale bar, 30 m (A-F) and 80 m (G and H).
Endocrinology, January 2012, 153 (1):438 -449 endo.endojournals.orgRara/g SpgϪ/Ϫ mice, lacking both RARA and RARG in spermatogonia, through crossing mice bearing a Ngn3-Cre transgene (20) with mice carrying loxP-flanked alleles of both Rara (18) and Rarg (19) . The Rara/g SpgϪ/Ϫ mutants (n ϭ 6) analyzed at 11 wk of age were all affected and showed an almost 4-fold increase of affected seminiferous tubule segments (3.9 Ϯ 1.3%; mean Ϯ SEM) than the Rarg SpgϪ/Ϫ mutants ( Table 2 ). As mentioned above, both the full-length and the excised forms of Rara and Rarg genes were detected in epididymal spermatozoa of Rara/g SpgϪ/Ϫ adult mice (Supplemental Fig. 5 ), indicating that excision of loxP-flanked alleles using the Ngn3-Cre did not occur in the whole population of undifferentiated spermatogonia. Importantly, the crosses also generated five control males carrying loxP-flanked alleles of Rara and of Rarg without Ngn3-Cre transgene, as well as four Rara SpgϪ/Ϫ males, which did not display any histological defect (Table 2 ). These data suggest that RARA, present in low amounts, can partially compensate for the absence of RARG in spermatogonia.
Absence of RARG does not affect the progression of the first, prepubertal, spermatogenetic cycle
During testis development, the RARG protein is detected in spermatogonia from P5 onwards (14) . To evaluate the impact of the Rarg-null mutation on the prepubertal round of spermatogenesis, we compared the germ cells types populating the seminiferous epithelium at P20 (i.e. when the first postmeiotic cells appear) and at 6 wk of age (i.e. when spermatogenesis is normally completed) in Rarg Ϫ/Ϫ mutants and WT littermates (n ϭ 3 for each genotype and age group) (32, 33) . In P20 Rarg Ϫ/Ϫ mutants, the vast majority of tubule sections displayed pachytene and diplotene spermatocytes, similarly to the WT situation (Fig. 6A) , and spermatogenesis was complete at 6 wk of age (data not shown). Thus, although RARG is the sole RAR detectable in spermatogonia (14) , its absence does not delay germ cell differentiation during the first spermatogenetic cycle, possibly because RARA compensates for its loss (see above).
To further test for this possibility, we checked whether both RARG and RARA could induce expression of Stra8, which is considered as a bona fide direct RA-target gene (11, 13, 37-39) . To this purpose, we used organ cultures SpgϪ/Ϫ mutant, showing abnormal cell associations that mimic epithelial stage VII (i.e. abnormal stage VII-like variants), but lack preleptotene spermatocytes (B) and pachytene spermatocytes (C). PR and P, Preleptotene and pachytene spermatocytes, respectively; St7 and St16, step 7 and 16 spermatids, respectively. Germ cell populations present in a given tubule cross-section are highlighted by colored bars: blue, preleptotene spermatocytes; red, pachytene spermatocytes; green, step 7 (round) spermatids; purple, step 16 (elongated, mature) spermatids. Note that epithelial stage VII was identified on the hematoxylin and eosin stained section (H&E) by the presence of preleptotene spermatocytes and/or of elongated spermatids all aligned near the lumen of the seminiferous tubule. The steps in spermatid differentiation were identified on an adjacent section of each testis stained with PAS. Only the section stained with H&E are displayed as they offer a better resolution on pictures at low magnification. Scale bar, 40 m. RARG could exert its function either at different steps of the differentiation program of A al spermatogonia or specifically at the A al -A 1 transition, the only step that occurs without a cell division (25) . The latter possibility is supported by the fact that this transition is specifically arrested under conditions of VAD in rodents (42) , resulting in seminiferous tubules that contain only undifferentiated (i.e. Zbtb16-positive and Kit-negative) spermatogonia (Supplemental Fig. 3) (6, 7) . A possible interpretation of our data is that spermatogonia expressing Rarg may not participate in the first round of spermatogenesis, similarly to spermatogonia expressing Ngn3 (34) . An alternative interpretation is that low amounts of RARA present in prepubertal spermatogonia may functionally compensate for the absence of RARG during testis development, as it is the case in many other developmental processes (47). To test for the possibility that RARA can function in spermatogonia, we have investigated the stimulation of Stra8 expression by RAR-selective agonistic ligands in the mouse testis. Stra8 is a canonical RA target gene (37) , whose expression in spermatogonia relies on RA-dependent events (15, 39) . Our data showing that Stra8 expression is inducible by a RARA-selective agonist indicates that, although undetectable by IHC, RARA is nevertheless operational in spermatogonia. Thus, RARA can functionally compensate for the lack of RARG in Rarg Ϫ/Ϫ spermatogonia. Moreover, we show for the first time that control of Stra8 expression by retinoid-induced RAR in spermatogonia is direct as it is not impaired by cycloheximide.
RA controls spermatogonia differentiation through both the somatic and germ cell compartments of the seminiferous epithelium
The nature and progression with ageing of the testes abnormalities in sexually mature Rarg Ϫ/Ϫ mutants are reminiscent of the conditions of mice fed a VAD diet from weaning onwards (6) . However, they do not reproduce a state of VAD established at birth, which results in generation of undifferentiated spermatogonia, but absence of spermatogenesis (48). Moreover, simultaneous inactivation of Rara and Rarg within the same spermatogonia around P3 (Rara/g SpgϪ/Ϫ mutants) yields a large variety of abnormal cellular associations in seminiferous tubules but not tubule segments containing only Sertoli cells and spermatogonia. Therefore, RA-dependent pathways additional to those mediated by RARG (and RARA) in spermatogonia are necessarily involved in spermatogonia differentiation.
In this context, it is also noteworthy that 1-yr-old, RARG-deficient, spermatogonia still express markers of both A al (e.g. Gfra1 and Zbtb16) and A 1 to A 4 (e.g. Stra8 and Kit) spermatogonia, indicating that they do not become blocked at a specific stage of maturation. This discrepancy with the VAD situation may be accounted for by the maintenance of a functional RA-signaling pathway in Sertoli cells, which is abrogated under VAD conditions, but not upon Rarg ablation in spermatogonia. Such a signaling pathway in Sertoli cells may for instance stimulate A al to become A 1 spermatogonia, even in the absence of RARG and RARA in spermatogonia. This assumption is based on the fact that, under complete VAD, all spermatogonia become arrested at the A al -A 1 transition, whereas in the Rarg Ϫ/Ϫ and Rara/g SpgϪ/Ϫ situations, the arrest appears to be leaky, yielding windows of missing germ cells.
These observations may be accounted for by a RA signal transduced by RARA in Sertoli cells that can take over the function of RARG at the A al -A 1 transition in an irregular way: sometimes the transition in a given tubule segment can take place and germ cell differentiation subsequently progresses at a normal speed, whereas during the next epithelial cycle, the A al -A 1 transition is impaired. In this case, A al spermatogonia will have to wait one or more epithelial cycles to become A 1 spermatogonia, yielding a seminiferous tubule with missing generations of spermatocytes and spermatids.
In conclusion, knowing that 1) RARA is functional in Sertoli cells where its ablation yields features in common with VAD-induced testis degeneration (15) , and 2) Sertoli cells are known to support spermatogonia differentiation (25) , our observations strongly suggest that, in the adult male, RA controls spermatogonia differentiation by influencing both the somatic and the germ cell compartments of the seminiferous epithelium.
